In normal woodwind tone production the nonlinear flow control properties of the reed transfer energy among the harmonics of the spectrum, and the favored playing frequency is one for which the air column input impedance is high at several harmonics. Above the middle of the second register, woodwinds have only one participating impedance peak; yet these notes can be played even without the use of a register hole, despite competing possibilities of low register intermode cooperation. Such notes are possible because enhancement of the reed's transconductance A near its own resonance frequency can offset the small input impedance Z of the air column so that (ZA • 1)> 0, providing an additional means for energy production above cutoff. Spectral levels as a function of blowing pressure, air column impedance, and reed characteristics are derived. Experiments on the clarinet show that the player can adjust the reed resonance frequency from about 2 to 3 kHz. When the reed frequency is adjusted to match a harmonic component of the tone, the amplitude of that component is increased, and the oscillation is heard as being stabilized in loudness, pitch, and tone color.
Throughout the development outlined so far, all investigators have assumed that the natural frequency of the reed is sufficiently high above the playing frequency that the reed resonance does not play an active role in the regeneration process. The possibility of oscillation just below the reed frequency has long been recognized and Bouasse discussed musical oscillations of this type. However, for normal musical oscillations based on an air column mode, it has usually been assumed that the reed frequency is far above the playing frequency. The present work shows that in fact, the reed resonance can play a dynamically significant role in maintaining the oscillations in the upper registers of reed instruments when the reed frequency is adjusted to match the frequency of a low-order harmonic multiple of the playing frequency.
Along somewhat different lines, Bariaux 2ø is developing a method of solution for reed instruments which holds only when the reed beats and is rigidly closed for a part of the cycle. This is very important in understanding the many instruments whose reed beats at low playing levels; among them are the bassoon, the oboe, and the clarinet with a French style mouthpiece and reed. In addition, the reeds of all instruments beat at high playing levels. The theory developed in the present work does not hold when the reed beats.
The initial results of Bariaux for the beating reed show many similarities with the results presented here for the nonbeating reed.
I. THEORY
The theoretical treatment presented here is similar to that developed 2 by Worman; however, a major emphasis is placed on the reed characteristics, which played only a peripheral role in the earlier work. In all cases the notation is chosen to match that used by Worman. This paper deals specifically with an idealized clarinet-like system, although many of the results apply 
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where S• is an effective reed area and y is the displacement of the reed tip from equilibrium. Combining Eqs.
(2) and (6) to find u,, the reed impedance is found to be Z r = -p P P l In addition to the primary means of energy production which takes place at the fundamental frequency, it is also possible for energy to be added to the system at any of the harmonic components of the generated tone. We see from Eqs. As mentioned before, with the amplifier turned off the system will not oscillate.
If the amplifier amplitude response is flat and the phase response is tailored so that the phase shift in the feedback loop (including the shift due to the wave travel time up the tube) is a multiple of 2•r radians at all frequencies, then turning up the amplifier gain would be equivalent to increasing the characteristic impedance of the tube. In both cases the pressure variation caused by a particular flow through the reed would be increased. As this input impedance is increased by increasing the amplifier gain, the system eventually goes into oscillation near the reed frequency where the impedance required for oscillation is minimum.
However, because in this type of oscillation the reed is driven near its resonance frequency, its response is nearly sinusoidal. Thus the feedback signal contains only a single frequency and the amplifier phase compensation can be considerably simplified.
Since the phase shift needs to be accurate only at the oscillation frequency and not at its harmonics, a simple adjustable all-pass filter can be used to adjust the phase shift in the feedback loop. If the phase is adjusted so that the oscillation takes place with minimum gain, then the oscillation again takes place as if the characteristic impedance of the tube had been increased to the point of oscillation.
By playing with the electronics properly adjusted and with a range of embouchure settings essentially similar to those used in normal clarinet playing, it is possible to set the oscillation frequency anywhere between about 2 and 3 kHz. With somewhat more extreme changes of embouchure, the frequency can be lowered to about The air column used was one specifically designed to have a very flat impedance beyond the cutoff frequency. Since this system does not have a speaker key or register hole like a normal clarinet, it was quite difficult to adjust the system to play in the upper register. The "tooth" position and "lip" force adjustments were critical. Both the low register note and the reed regime were much easier to obtain. However, when the adjustments were properly made the clarion register note could be played, and further delicate adjustments brought something approximating musical tone to the oscillation. With these adjustments made, a little damping material such as glass wool, or a handkerchief, was placed lightly just outside the first few open tone holes. This provided enough damping to lower the bore impedance peaks below the threshold for oscillation. The system would then jump to the reed regime and in all cases where the clarion register oscillation had been stable the reed regime frequency was within 3% (50 cents) of the second or third harmonic of the note in the clarion register which was played when the embouchure was set. For this experiment the clarion register regime was considered to be stable if the oscillation returned to the clarion register note when the damping was removed from the outside of the tone holes. The actual experimental results appear in Table I .
Thus, at least on the blowing machine and with an instrument whose impedance is flat beyond cutoff, in order to play with the best musical tone, the reed frequency should be set near a harmonic of the note being played and almost precisely at the frequency which maximizes energy production near the reed frequency. The few cents discrepancy between the harmonic of the clarion register note and the playing frequency of the reed regime is understood as follows: the clarion register plays at the frequency which maximizes the total energy production at both the playing frequency and the reed frequency, while the reed regime maximizes energy input at one frequency only. The additional constraint on the clarion register regime explains the observed small differences from exact harmonic relationship of the clarion regime and the reed regime.
C. Effects of reed resonance on spectrum and tone quality
It has been stated that if the reed frequency is placed just above a harmonic of the playing frequency, then that harmonic amplitude will be increased. It was also shown in the previous section that this setting of the reed frequency produces the best musical tone quality for clarion register notes on the clarinet.
These two statements were reaffirmed in the following manner. to improve the playing quality of actual musical instruments. In all eases these experiments have given qualitative confirmation to the theory developed here. The first of these experiments involved placing the proper size blob of wax in the bell of a modern conservatory oboe. This rearranged the small impedance peaks and dips beyond the cutoff frequency in such a way that the playing qualities of some of the upper notes, which had previously been the worst on the instrument, were greatly improved. This occurred because the frequency of a small impedance peak beyond cutoff was made to be an integer multiple of the playing frequency, when the reed resonance frequency was also near such a multipie. However, for the oboe, the shape of the bell is important in determining the properties of the impedance below cutoff. Thus the tuning of several of the notes in the low register was affected in ways which would have required major surgery to correct. The method was not usable for this particular instrument.
On a different conservatory oboe whose impedance peaks are not well aligned at harmonic intervals, Benade has found that on most notes there are several distinct embouehures which achieve "best" musical tone for this instrument. By paying close attention to what he was doing with his embouehure, he has been able to find the origins of these "best-playing" embouehures. Care must be taken in analyzing such experiments, however, because changes in the embouehure change not only the reed frequency but also the effective volume of the reed cavity which for conical instruments will change the position and spacing of the impedance peaks. The different "best-playing" embouehures occur when various sets of air column impedance peaks are aligned at harmonic intervals with each other or with the reed frequency. These eases can be distinguished from each other in ways such as the following. When the embouchute is adjusted so that the playing frequency of the second register note is exactly an octave above the playing frequency of the low register note, then the first two impedance peaks are accurately aligned; this is one of the "best-playing" embouehures for the low register. Another occurs for the low register note when the reed frequency is at an exact harmonic of the second impedance peak. This embouchure can be identified because it is a "best-playing" embouchure for both the first and second registers. Many other examples of this type of behavior have been identified and explained. Of course an instrument with such multi-optimum behavior is not musically useful. The playing behavior of the entire instrument can be significantly improved, however, if for each note the impedance maxima are properly aligned with that embouchure which also placed the reed frequency at a harmonic of the playing frequency.
There is an exception to this general rule for the case of the Baroque oboe. This oboe has no register key and many octave changes are made simply by changing the embouehure. In order to accomplish this consistently and unambiguously, the embouehures for the two octaves must be different, and each must provide its own unique set of cooperations to stabilize the oscillation.
In order to avoid unwanted octave shifts, the first and second impedance peaks should not be aligned with each other when the embouehure is set for either octave. This makes the reed frequency adjustment even more important because for many notes it is the only mechanism for additional energy input.
There are two aspects of clarinet behavior which can be explained using the ideas presented here. The upper register of the clarinet can be played without opening the register hole if the reed resonance is always properly adjusted at a multiple of the playing frequency. This is despite the fact that a low register oscillation can also occur and would be vastly favored were it not for the extra energy input to the upper register oscillation by the component near the reed frequency. As a second example, consider the very topmost notes on the clarinet. The notes above about Go (1400 Hz) are above the nominal cutoff frequency of the instrument and thus the impedance peaks at these frequencies are very small. It also turns out that the reed frequency cannot be comfortably lowered to place it at the desired playing frequency to produce a "reed regime." However, if the reed frequency is lowered sufficiently, then the resonantly enhanced reed trans conductance can interact with the small impedance peak in the vicinity of cutoff to produce an oscillation which is a kind of hybrid of the normal and "reed regime" oscillations.
As a final example of the application of the ideas presented in this paper, many of the saxophone mouthpiece facing designs prevalent in the 1920's were such that the reed frequency could not be raised much above the playing frequency of notes in the top of the second register. The notes written at about D6 could be achieved as reed regimes, but it was not possible to play many notes in the third register of the instrument.
It was also not possible to play the second register without opening the register hole, because the reed frequency was too low to add energy to the oscillation at a higher component. More recent mouthpiece facing designs have allowed the reed frequency to be raised to a range analogous to that of the clarinet so that the third register is possible and the second register can be played without the register hole. The design of such facings
